17%, and~9%, respectively. Water-soluble N concentrations showed a strong gradient from the East Asian continent to the subarctic western North Pacific Ocean, indicating that water-soluble N species were mainly derived from anthropogenic or terrestrial sources. During sea fog events, coarse mode NO 3 − was likely to be scavenged more efficiently by fog droplets than fine mode NO 3 − ; besides, WSON was detected only in fine mode, suggesting that there may have been a significant influence of sea fog on WSON, such as the photochemical conversion of WSON into inorganic N. Mean dry deposition flux for water-soluble total N (6.3 ± 9.4 µmol m −2 d −1 ) over the subarctic western North Pacific Ocean was estimated to support a minimum carbon uptake of 42 ± 62 µmol C m −2 d −1 by using the Redfield C/N ratio of 6.625.
Introduction
Nitrogen (N) is an essential nutrient in terrestrial and marine ecosystems. The supply of N to the ocean surface layer is an important factor controlling the ocean ecosystem [1] . Apart from the supply of deep nutrient-rich water by vertical mixing, atmospheric deposition can be a significant source of N to the photic zone of the open ocean where riverine input is negligible [2] . Thus, atmospheric deposition is considered as a dominant pathway for the supply of anthropogenic N to open ocean surface waters [3, 4] .
Human activities have already enhanced N input to coastal and open oceans [5, 6] . For example, Duce et al. [5] reported that the flux of atmospheric total reactive N to the ocean surface has increased by 48 TgN/year from preindustrial times to 2000, suggesting that almost all ocean surface areas have been affected by anthropogenic atmospheric reactive N, including oxidized and reduced inorganic and organic N. As a result of increased combustion and fertilizer use, the enhanced N release from land has resulted in a change in nutrient supply to the oceans [7] . It has been, therefore, recognized that an increasing input of anthropogenic N to the ocean could lead to major changes in the upper ocean N cycle and biological productivity, since anthropogenic N inputs have the potential to affect marine ecosystem (e.g., changes in phytoplankton community structure, inorganic carbon storage, and primary productivity), especially in coastal regions and marginal seas [7, 8] .
Although recent studies have estimated the atmospheric N deposition flux and its impact on the marine ecosystem, there are still large uncertainties with regard to the atmospheric N cycle over the oceans [9] , since most studies are based on the results from several models, and the validation of model output is primarily based on comparisons to terrestrial sampling sites [5, [10] [11] [12] . Considerable efforts have been devoted to estimating atmospheric N deposition flux over various oceanic regions and during different periods to fill data gaps for the atmospheric N input to the open ocean. Nevertheless, previous results are still not enough to present a comprehensive picture of the spatial distributions of atmospheric N and its deposition to the ocean. In addition, relatively little data has been reported for the Pacific Ocean [3, [13] [14] [15] [16] [17] compared to other oceans (e.g., the Atlantic Ocean) [9, [18] [19] [20] [21] [22] [23] [24] .
The western North Pacific Ocean receives a large influx of mineral particles and pollutants from the Asian continent through long-range atmospheric transport [25, 26] . The increase in atmospheric N deposition is particularly important in the western North Pacific Ocean due to the rapid growths in human population and industrial activity in northeast Asian countries [27, 28] . These changes in northeast Asia have markedly increased N fluxes in the adjacent marine environment through atmospheric transport by westerly winds and subsequent deposition [7, 17, 29] . Furthermore, Kim et al. [6] recently reported that the increase in excess N concentration observed in the upper North Pacific Ocean was a consequence of the recent increase in atmospheric N deposition, resulting mainly from the dramatic increase in anthropogenic N emissions in northeastern Asia. Accordingly, it becomes increasingly important to estimate deposition flux of atmospheric N to the western North Pacific Ocean and evaluate its impact on the marine ecosystem.
Sources of atmospheric ammonium (NH 4 + ) and nitrate (NO 3 − ) are comparatively well understood [19, 21, 30] . Ammonia (NH 3 ), a precursor of NH 4 + , is primarily generated from intensive agricultural activity [31] and biomass burning [32] . NH 3 is also emitted into the atmosphere from the oceans as a result of biological activity [33] . NH 4 + is formed from the reaction of NH 3 with acidic species and predominant in fine mode aerosols. On the other hand, NO 3 − in the marine atmosphere is present primarily in coarse mode aerosol particles, resulting from reactions of nitric acid (HNO 3 ) or its precursor (i.e., nitrogen oxides, NO x ) derived from combustion processes with sea-salt [34] . In comparison to atmospheric inorganic N species, the details of the role of organic N are less well understood, although the importance of atmospheric organic N to N cycling, nutrient availability, and particle formation is recognized. Recently, Cape et al. [35] revealed several possible sources of water-soluble organic nitrogen (WSON) in the atmosphere, including livestock and animal husbandry, fertilizers, vehicle exhausts, biomass burning, and secondary pollutants. Besides, previous studies [36, 37] have provided evidence that WSON in remote oceanic regions is produced by biological activity, suggesting a marine biogenic source for WSON. In a recent review, Cornell [38] summarized available data on dissolved organic nitrogen (DON) in rainwater and showed a clear geographical pattern with highest concentrations in continental areas and particularly over Asia (mean concentrations more than 100 µM) with much lower concentrations in remote marine locations (approximately 5 µM). Previous studies have shown that WSON is mainly associated with fine mode particles, which is formed by a reaction of its basic gaseous precursors with particulate or gaseous acidic species (i.e., gas-to-particle conversion) in the atmosphere [5, 19, 30, [38] [39] [40] [41] , even though oxidation of reduced organic N species of biogenic origin produced by mechanical processes (as sea spray or soil mobilization) has also been considered as a potentially important WSON source [30, 40] . In this study, we measured atmospheric water-soluble N species (i.e., NH 
Experiments

Aerosol Collection
Aerosol samples were collected over the subarctic western North Pacific Ocean during the ARA07A cruise (21 July−2 August 2016) aboard the Korean icebreaker IBR/V Araon (Figure 1 ). During the cruise, two high-volume aerosol samplers (HV-100R, Sibata Scientific Technology Ltd., Tokyo, Japan) were located at the upper deck of the ship and used to collect marine aerosols on pre-combusted (at 550 • C for 6 h) quartz filters (25 × 20 cm, QR-100, Sibata Scientific Technology Ltd.) at a sampling flow rate of 1000 L min −1 . To collect fine (D < 2.5 µm) and coarse modes (2.5 µm < D < 10 µm) aerosols on the filters, particle size selector for PM 2.5 and PM 10 were installed to each aerosol sampler. Possible contamination from ship exhaust was prevented by using a wind-sector controller during the cruise [42] . The wind-sector controller was set to collect marine aerosol samples only when the relative wind directions were within plus or minus 100 • relative to the ship's bow and the relative wind speeds were over 1 m s −1 . The sampling time for each sample was approximately 24 h. However, the total air volume of each sample varied from 400 to 1400 m 3 due to the different conditions of relative wind directions and wind speeds for each sampling period. After sampling, the filters were stored frozen at −24 • C before chemical analysis. Procedural blanks (n = 3) were obtained by placing quartz filters in the aerosol sampler for 5 min on idle systems (i.e., no air flow through the filters) and processed as other aerosol samples. 
Chemical Analysis
Ionic Species
Aerosol samples were analyzed for major ionic and inorganic N species (NH 4 + and NO 3 − ) using the method described in detail elsewhere [15, 16, 42, 43] . Briefly, the filters were cut into four equivalent subsamples. The subsamples were ultrasonically extracted using 50 mL of Milli-Q water (>18 MΩ cm −1 , Millipore Co., Bedford, MA, USA). The extraction solution was then filtered through a 13-mm diameter, 0.45-µm pore size membrane filter (PTFE syringe filter, Millipore Co.). The filtrate was analyzed by ion chromatography (IC; ICS-1100, Thermo Scientific Dionex) for anions (Cl − , MSA, NO 3 − , and SO 4 2− ) and cations (Na + , NH 4 + , K + , Mg 2+ , and Ca 2+ ). The instrumental detection limits
, and Ca 2+ 0.20 µg L −1 . From replicate injections, the analytical precision was estimated to be <5%.
Water-Soluble Total Nitrogen
Other aerosol subsamples were ultrasonically extracted using the same method for ionic species measurements. The filtrates were analyzed by a total organic carbon (TOC) analyzer (Model TOC-L, Shimadzu Inc., Tokyo, Japan) equipped with a total nitrogen (TN) unit (TNM-L, Shimadzu Inc.) for determination of the total aerosol nitrogen dissolved in water [44, 45] . The nitrogen content was determined by measuring nitrogen monoxide with an ozone chemiluminescence detector. Because the instrument measured the TN in a liquid sample, we use the term water-soluble total nitrogen (WSTN) when referring to the concentrations measured with this instrument. The field blank for WSTN dissolved in water was 3.5 µmol L −1 , which represented 7.4% of WSTN concentration in ambient aerosols. The uncertainty of the WSTN was estimated to be 4.1%. The concentration of WSON is defined as the difference between WSTN and inorganic N (i.e., WSON = WSTN − NH 4
Using the propagating errors of each parameter, the uncertainty of WSON was estimated to be 8.2%.
Backward Trajectory Anzalysis
Air mass backward trajectories (AMBTs) were calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectories (HY-SPLIT) model [46] . The HY-SPLIT model was run for 7 days with meteorological data from the Global Data Assimilation System (GDAS). Arriving heights were set at 500, 1000, and 1500 m.
Dry Deposition Flux Estimate
Dry deposition fluxes (F d ) were calculated from aerosol concentrations (C a ) in the coarse (c) and fine (f) modes and dry deposition velocities (V d ) for each size mode [3, 21] :
In this study, we used dry deposition velocities of 2 cm s -1 for coarse mode and 0.1 cm s -1 for fine mode, since these two values are known to be best estimates based on experimental and model studies [3, 20] . Nevertheless, this estimate might be subject to a bias of a factor of 2−3 in the calculated flux because processes that control V d , including gravitational settling, impaction, and diffusion of particles, varies depending on many variables, such as particle size, wind speed, and relative humidity [3] . 
Results and Discussion
Influence of Sea Fog Events on Atmospheric Water-Soluble N Species
Sea fog, a type of advection fog, typically occurs when moist marine air passes over a cold surface by advection [49, 50] . The subarctic western North Pacific Ocean has a high sea fog frequency, with a maximum of~50% during the summertime period from June to August [51] . During the sampling period, sea fog occurred when air temperature dropped to its dew point (Figure 4 ). This result indicates that the warm and humid air masses from the subtropical Northern Pacific Ocean were cooled down to a saturation temperature during the passage over the cold sea surface of the subarctic western North Pacific Ocean (Figure 3 ) [16] . On the contrary, the air temperature dropped to its dew point during the sampling period near Alaska (i.e., aerosol sample A10) when air masses circulated the Arctic Ocean reached the sampling site. Gultepe et al. [50] reported that steam fog, another type of advection fog, tends to be observed in the Arctic and occurs when very cold air drifts across relatively warm water [50] . The meteorological data set and the AMBT, therefore, suggests that two types of fog occurred during the cruise.
As described above, the AMBT (Figure 3 ) and the meteorological conditions ( Figure 4) show that sea fog occurred during the cruise. For example, the air temperature during the sampling periods of aerosol samples, A2, A4-A8, and A10, cooled down to its dew point, and the relative humidity reached 100%, making a favorable condition for sea fog formation (Figure 4 ). In particular, aerosol samples A4-A8 were most likely to be affected by sea fog events since the air temperature dropped to its dew point during 66-100% of sampling periods of those samples.
Previous studies [16, 52] observed the statistically significant decreases in number densities of particles larger than 0.5 µm during sea fog events that occurred in the subarctic western North Pacific Ocean, suggesting that coarse mode particles (D > 0.5 µm) could act preferentially as condensation nuclei for sea fog droplets and that the condensation of water vapor occurred preferably on coarse particles leads to the acceleration of particle removal from the atmosphere and the effective scavenging of coarse mode particles. In addition, sea fog can deliver substantial N to the surface ocean if the sea fog event persists long enough with sufficient liquid water content [53] . As shown in Figure 2 , the NO 3 − concentration sharply decreased, and the percentage of NO 3 − existed in fine mode aerosol particles increased during sea fog events, suggesting that the coarse mode NO 3 − was likely to be scavenged more efficiently by sea fog than the fine mode NO 3 − . However, although aerosol samples A2 and A10
were likely to be affected by fog events as well, the NO 3 − concentrations in those aerosol samples were relatively high, and most NO 3 − in those samples existed in coarse mode aerosols. These results suggest that fog events that occurred during the collections of those samples persisted in short (i.e., 42% and 28% of sampling periods of A2 and A10, respectively) ( Figure 4 ) and that the source strength of NO 3 − near the continent overwhelmed the influence of fog events on NO 3 − concentration during the collection of those samples. Unlike NO 3 − , NH 4 + concentration showed no significant variation during sea fog events, reflecting that NH 4 + was less likely to be affected by sea fog than NO 3 − . However, likewise to NO 3 − , the percentage of NH 4 + that existed in fine mode aerosol particles increased during sea fog events, suggesting that the coarse mode NH 4 + was likely to be scavenged more efficiently than the fine mode NH 4 + due to the preferential removal of coarse particles by sea fog [16, 52] .
In comparison to atmospheric inorganic N species, most aerosol WSON collected during the cruise showed low concentration or was not detected, except for that observed in near the East Asian continent (i.e., aerosol sample A1), and the WSON in aerosol samples likely affected by sea fog events was found only in fine mode aerosols, suggesting there may have been a significant influence of sea fog on WSON (Figure 2) . If the absence of coarse mode WSON in aerosol samples affected by sea fog events is caused by the preferential scavenging processes of coarse particles by sea fog, the fine mode WSON in those aerosol samples would be observed. However, unlike NH 4 + , the fine mode WSON in several samples affected by sea fog events was not detected, although both NH 4 + and WSON were primarily present in fine mode aerosol particles [39] . The absence of fine mode WSON may be attributed to the decline of atmospheric WSON concentration with distance from the East Asian continent. Luo et al. [17] observed significant logarithmic decreases in water-soluble N species concentrations from China to the Northwest Pacific Ocean. However, removal processes for inorganic N are very effective, with concentrations declining rapidly with distance from the source [38] . In comparison, organic N compounds have been identified as important in the long-range transport of N because removal processes for organic N tend to be less effective [54, 55] . Moreover, previous studies observed WSON in marine aerosols collected in remote oceanic regions where the influence of anthropogenic sources is less than our study region [44, 56] ; one cannot, therefore, disregard the possibility that the absence of fine mode WSON in aerosol samples affected by sea fog events is not due to a land-sea gradient in WSON concentration. Another possible explanation for the absence of fine mode WSON is the photochemical conversion of atmospheric organic N in atmospheric condensed phases into inorganic N species (i.e., NH 4 + and NO 3 − ). Zhang and Anastasio [57] investigated the transformations of bulk organic N in atmospheric condensed phases (in fog water and aerosol extracts) during exposure to simulated sunlight. They found that over the course of several hours of exposure (about 8 h), a significant portion of condensed-phase organic N was transformed into inorganic N species (average formation rates for NH 4 + and NO 3 − were 12 ± 8.4 ng m −3 h −1 and 42 ± 12 ng m −3 h −1 , respectively). Furthermore, their results suggest that organic N itself can participate in photochemical reactions, thus acting as a reservoir of inorganic N in the atmosphere and that WSON can be converted into inorganic N during the long-range transport of continental aerosols (cycling in the atmosphere and fog waters). The absence of fine and coarse mode WSON as well as the increases in the percentages of fine mode inorganic N in aerosol samples affected by sea fog events, therefore, could possibly have resulted from complex linkage between the effective removal of coarse mode particles by sea fog [16] and the photochemical conversion of atmospheric organic N into inorganic N in the condensed phase [57] . [15] [16] [17] 58] since NO 3 − in the marine atmosphere is mainly present in coarse mode particles that deposit more rapidly. However, in this study, NH 4 + was a more important water-soluble N species supplied by dry deposition, although most NH 4 + predominantly existed in fine mode particles, probably due to the preferential scavenging processes of NO 3 − by sea fog.
However, it is worth noting that water-soluble N species preferentially scavenged by sea fog events would be delivered to the subarctic western North Pacific by sea fog deposition because the formation of liquid droplets by condensation of water vapor on pre-existed particles acting as condensation nuclei leads to the acceleration of particle removal from the atmosphere [16] . Distinct seasonal cycles in NO x and NH 3 emissions were observed over the northwestern Pacific Ocean [47, [58] [59] [60] [61] . Anthropogenic sources (e.g., fossil fuel combustion) cause NO x concentrations to peak in wintertime, while NH 3 emissions from agricultural activities (e.g., chemical fertilizer application and livestock breeding) peak in springtime. Our mean dry deposition fluxes for water-soluble N species were 1.4 times, 20 times, and 11 times lower than the results over the northwestern Pacific Ocean (27 • N−37 • N, 137 • E−150 • E) by Luo et al. [58] , who reported that mean dry deposition fluxes for NH 4 + , 
Potential Impact of Atmospheric Water-Soluble N on New Primary Production over the Subarctic Western North Pacific Ocean
The availability of reactive N limits primary production in much of the ocean because most marine organisms can only assimilate reactive N [5] . The Redfield ratio (C:N = 6.625) shows that phytoplankton use nutrients in well-defined ratios. These ratios indicate that for every mole of nitrogen used, 6.625 mol of carbon is assimilated [62] . Thus, the impact of atmospheric N deposition on the marine ecosystem was evaluated by estimating potential new primary production using dry deposition flux for water-soluble total N and the Redfield C/N ratio of 6.625. It is worth noting that the impact of atmospheric N deposition on new primary production can vary depending on the nutrient status of the receiving waters (e.g., N limitation or iron limitation) [63] . The subarctic North Pacific has been characterized as a high-nutrient, low-chlorophyll (HNLC) region where iron is thought to limit primary production [64, 65] . Recent studies have shown that iron concentration is higher in the subarctic western North Pacific [66] than the subarctic eastern North Pacific [67] , at least until summer [66] . The higher iron concentration in the subarctic western North Pacific is explained by its proximity to Asian dust sources and three-fold higher rates of dust deposition [68] [69] [70] [71] , and the iron supply through ventilation processes originating in the Sea of Okhotsk [66] . Besides, Matsumoto et al. [72] found a significant relationship between primary production and light availability based on the field observations from 2005 to 2013 in the subarctic western North Pacific, suggesting that light availability was a factor that controlled primary production throughout the year in the subarctic western North Pacific. These results by previous studies suggest that atmospheric water-soluble N deposited in the subarctic western North Pacific could be available for uptake by phytoplankton.
Atmospheric inorganic N (NH 4 + and NO 3 − ) can be readily utilized by a variety of aquatic microorganisms [73] . The bioavailability of atmospheric WSON (or dissolved organic N) to phytoplankton was also reported to be high (29−80%) [74, 75] . Assuming the uptake of all the N delivered from atmospheric deposition by phytoplankton without losses and an adequate supply of other nutrients (e.g., phosphorus and iron), the mean dry deposition flux of atmospheric water-soluble total N over the subarctic western North Pacific Ocean (6.3 ± 9.4 µmol m −2 d −1 ) can support a minimum biologically mediated flux of 42 ± 62 µmol C m −2 d −1 . Wong et al. [76] estimated the annual new production from the surface (upper 50 m) of the subarctic western North Pacific Ocean, which covers the sampling area of this study, to be 32.8-82.8 g C m -2 year -1 . Based on the estimate by Wong et al. [76] , the result of this study suggests that dry deposition for water-soluble N to the subarctic western North Pacific Ocean can support 0.22-0.56% of the new primary production. The contribution of atmospheric water-soluble N input to the new production was negligible because we estimated only the dry deposition flux. However, the contribution of dry deposition to total deposition flux over the subarctic western North Pacific in summer periods is small (~11%) compared to wet and sea fog deposition [16] . Assuming that our dry deposition flux represents~11% of total N input, the contribution of atmospheric water-soluble N input to the new production would increase up to 5.1%. In this study, the contribution to the new primary production stimulated by atmospheric dry deposition flux for water-soluble total N was estimated to be <1%. Although the contribution of atmospheric water-soluble N deposition to the new primary production in this study was not significant, the episodic deposition events, such as Asian dust storm, can transport a large amount of N to the surface ocean over a very short period [60, 77] . Moreover, the dry deposition flux reported in this study should be considered as a lower limit on the total deposition flux to the subarctic western North Pacific, since both wet and sea fog deposition fluxes were not included in this study. Nevertheless, dry deposition is a non-negligible transfer process for atmospheric water-soluble N from the marine atmosphere to the subarctic western North Pacific, especially in the spring when there is little precipitation, since dry deposition occurs continuously while wet and sea fog deposition is highly episodic.
It is worth mentioning that several limitations exist in this study, including the uncertainty of dry deposition estimates and the limited sampling period. Dry deposition velocities remain one of the major uncertainties in assessing the atmospheric flux of N to the ocean [3] , although we used the deposition velocities known to be best estimates based on experimental and model studies. Given the uncertainty of dry deposition velocities (i.e., a factor of 2-3), the range of values for water-soluble total N input in dry deposition to the subarctic western North Pacific due to the uncertainty in deposition velocities was estimated to be 12.6 ± 19.8-18.9 ± 28.2 µmol m −2 d −1 . Another limitation of this study is the limited sampling period in the summer. As mentioned earlier, there is distinct seasonality in NO x emissions from anthropogenic sources (highest in winter) and NH 3 from agricultural activities (highest in spring). Consequently, given the seasonal changes in N emissions, our dry deposition flux for atmospheric water-soluble N should be considered as a lower limit. Nevertheless, the estimate of atmospheric water-soluble N flux from this study provide a useful contribution to the understanding of atmospheric N cycle in the open ocean environment.
Conclusions
Atmospheric water-soluble N input to the subarctic western North Pacific Ocean was determined using the result from marine aerosols collected during the summer of 2016. The highest concentrations of water-soluble N species were observed when air masses originated from the East Asian continent, reflecting the significant influence of anthropogenic or terrestrial sources on aerosol water-soluble N. In comparison, over the subarctic western North Pacific, concentrations of water-soluble N species were significantly lower because of the input of relatively clean marine air and the possible influence of sea fog events. During sea fog events, the coarse mode NO 3 − was likely to be scavenged more efficiently by sea fog than the fine mode NO 3 − , probably due to the preferential removal of coarse particles by sea fog. Interestingly, WSON in both fine and coarse mode particles was hardly observed during sea fog events, although both NH 4 + and WSON were primarily associated with fine mode particles. These results suggest that there may have been a significant influence of sea fog on WSON, such as the photochemical conversion of WSON into inorganic N. The mean dry deposition fluxes for NH 4 + , NO 3 − , and WSON were estimated to be 3.4 ± 4.6 µmol m −2 d −1 , 2.2 ± 3.3 µmol m −2 d −1 , and 0.69 ± 2.0 µmol m −2 d −1 , accounting for~68%, 29%, and~3% to the dry deposition flux for water-soluble N, respectively. In this study, NH 4 + was a more important water-soluble N species supplied by dry deposition, although most NH 4 + predominantly existed in fine mode particles, probably due to the preferential scavenging processes of NO 3 − by sea fog.
In this study, atmospheric water-soluble N input to the subarctic western North Pacific was estimated during the limited sampling period in the summer. To improve our understanding of atmospheric N input to the surface ocean more clearly, further studies are required to include wet and sea fog deposition as well as dry deposition, and focus on long-term monitoring of atmospheric water-soluble N species.
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